The membranes of all eukaryotic motile (9 + 2) and immotile primary (9 + 0) cilia harbor channels and receptors involved in sensory transduction (reviewed by [1]). These membrane proteins are transported from the cytoplasm onto the ciliary membrane by vesicles targeted for exocytosis at a point adjacent to the ciliary basal body [2, 3] . Here, we use time-lapse fluorescence microscopy to demonstrate that select GFP-tagged sensory receptors undergo rapid vectorial transport along the entire length of the cilia of Caenorhabditis elegans sensory neurons. Transient receptor potential vanilloid (TRPV) channels OSM-9 and OCR-2 [4, 5] move in ciliary membranes at rates comparable to the intraflagellar transport (IFT) machinery located between the membrane and the underlying axonemal microtubules [6-8]. OSM-9 motility is disrupted in certain IFT mutant backgrounds. Surprisingly, motility of transient receptor potential polycystin (TRPP) channel PKD-2 (polycystic kidney disease-2) [9], a mechano-receptor [10], was not detected. Our study demonstrates that IFT, previously shown to be necessary for transport of axonemal components [11] , is also involved in the motility of TRPV membrane protein movement along cilia of C. elegans sensory cells.
cluding osmosensation, chemosensation, olfaction, and mechanosensation [4, 5] . Proper targeting to the cilia and functioning of these proteins requires the presence of both proteins, suggesting that they form a protein complex [5] . When observed by time-lapse fluorescence microscopy, both OSM-9::GFP and OCR-2:: GFP moved bidirectionally in sensory cilia (Figures 1  and 2 and Table 1 ; also Movie S1 available with this article online). The rate of movement toward the tip was slower than the rate toward the cell body (Table 1) , as reported for intraflagellar transport (IFT) [8] . To further compare OSM-9 and OCR-2 movement to IFT, we analyzed the rates of anterograde and retrograde movement in the cilia of the IFT particle polypeptide OSM-6 (IFT52)::GFP (Table 1 ). In both directions the rate of movement of OSM-9 and OCR-2 was similar to that of IFT, suggesting that IFT is responsible for this motility. However, in contrast to the continuous movement of IFT particles along the entire length of cilia, OSM-9 and OCR-2 motility was saltatory and more obvious in the distal part of the cilium than in the proximal segment. OSM-9 and OCR-2 motility is, therefore, qualitatively different than the continuous movement of the IFT particles.
IFT is a motility process required for the assembly and maintenance of most eukaryotic cilia (reviewed by [12] ). It has been shown to be required for the transport of axonemal precursors to the flagellar-tip assembly site and for the transport of turnover products back to the base [11] , but its role in moving ciliary membrane proteins has not been demonstrated. To determine if IFT is involved in the vectorial transport of these TRPV channels in cilia, we examined the motility of OSM-9::GFP in IFT-defective mutants. We selected mutants that still possessed sensory cilia, enabling us to visualize GFP-tagged proteins in the cilia. The mutant backgrounds used included daf-10(p821) and che-3(e1124), which encode the C. elegans homologs of IFT complex A protein IFT122 and the retrograde IFT motor cytoplasmic dynein 1b heavy chain (DHC), respectively [8, 13, 14] . We also examined the effect of mutations in kinesin-2 and OSM-3 kinesin, two anterograde IFT motors [15] , on OSM-9 movement. Complex B polypeptide mutants, e.g., osm-6 (IFT52), osm-5 (IFT88), and osm-1(IFT172), were not amenable to analysis because cilia of this class of mutants are extremely stunted [16, 14] , and their use in these motility studies is thus prohibited.
In the cilia of wild-type animals, OSM-9::GFP is evenly distributed along the cilium (Figure 3 ) and moves at a rate similar to IFT (Figure 1 and Table1). In both daf-10 and che-3 mutants, however, OSM-9::GFP accumulates in aggregates along the length of the cilium and at the base of the cilium and is not detected moving in the cilium (Figure 3 and data not shown) . These results indicate that IFT is required for the proper distribution and movement of these TRPV membrane channels in the cilium (Figure 3) . Moreover, the fact that OCR-2 and OSM-9 are still in the cilia of the mutants, but are not moving, and that these organisms have sensory defects is suggestive that the motility of these channels is important for the sensory activity of the Kinesin-2 and OSM-3-kinesin act cooperatively to build cilia on amphid neurons [15] . To our surprise, in the phasmid cilia (sensory cilia in the tail of the worm), OSM-9::GFP appears to move at near wild-type rates in the anterograde motor single-mutant backgrounds, including kap-1(ok676), klp-11(tm324), and osm-3(p802) ( Table 2) . Similarly, a mutation in a single anterograde IFT motor subunit does not stop IFT particle anterograde movements in C. elegans [15] . This differs from the effect of anterograde IFT motor mutations in Chlamydomonas flagella, where similar mutations in anterograde IFT motor subunits abolish IFT particle movement [18] as well as the movement of membrane proteins (J.L.R. and K. Huang, unpublished data). The reason for the difference in effect of mutation in IFT anterograde kinesin motors on the movement of IFT particles and membrane proteins in C. elegans and Chlamydomonas flagella is probably that C. elegans has two overlapping anterograde motors [15] , whereas Chlamydomonas has only one [18] .
A third membrane channel, the TRPP mechanoreceptor channel PKD-2 [9] , was examined for movement. PKD is found throughout the cilia of male-specific sensory neurons but mostly concentrates at the cilia base, which correlates to the distal-most dendrite and basalbody/transition-zone regions (Figure 4 ). In the IFT Complex B polypeptide mutant osm-5, the accumulation of PKD-2 in the membranes of stunted cilia is even more dramatic ( [14] , data not shown), suggesting that IFT plays a role in distributing PKD-2 throughout the cilia and/or recycling TRPP channels out of the cilia. To test this directly, we observed PKD-2::GFP within the cilia of wild-type males; we failed to detect any movement of PKD-2. These results suggest that, in contrast to the active transport of OSM-9 and OCR-2, PKD-2 is tethered, principally at the ciliary base, and is not actively moved by IFT, and the small amount that is in the cilium proper gets there by diffusion.
Thus, there are two obvious differences between the two TRPV channels, OSM-9 and OCR-2, and the TRPP PKD2 channel in the cilia: The former move and are found uniformly distributed along the cilium, whereas the latter does not move, is greatly enriched at the cilia base, and is present at much lower and variable levels along the length of the cilium. These differences may be due to the nature of the receptors. OSM-9 and OCR-2 are involved in chemosensation as demonstrated by the inability of the mutants to perceive and respond to changes in osmolarity and chemical stimuli. On the other hand, mammalian PKD2/polycystin 2 acts as a mechanosensor in the kidney, where it is found on the primary cilia of renal epithelial cells that sense fluid flow [19] and mediates calcium influx in response to physiological fluid flow [10] . What stimulates PKD2 in C. elegans is less clear, but mechanosensation could be in- Table 1 . In this manner, sensory receptors and the IFT machinery may initiate retrograde signaling from the environment, along the cilium, through the dendrite, and finally to the cell body and nucleus. In addition, ciliary movement of membrane receptors may serve as a mechanism to control the number, activity, and turnover of receptors and channels on the cili-ary membrane. In the outer segment of mammalian photoreceptors, rapid protein turnover is essential for normal cellular maintenance, with defects in IFT resulting in retinal degeneration [25, 26] .
IFT is a motility process that is fundamental to all aspects of ciliary assembly, maintenance, and function. Inhibiting IFT may stop the movement of membrane proteins because they are cargo of this transport system as suggested by the results of this study; alternatively, the effect may be less direct. Membrane proteins may move by an uncharacterized motor, and their movement may stop because of the general infirmity of the cilia with attenuated IFT. IFT-dependent movement of ciliary membrane proteins has also been seen in Chlamydomonas ([6]; J.L.R. and K. Huang, unpublished data), and it may be that in this organism in which the flagella can be isolated, the binding partners of these membrane proteins and the motors responsible for their movement will be identified.
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